The melting (solidus) temperatures of irradiated mixed oxide fuels were measured and the compositions of the fuels on the temperature measurement date were calculated. The fuels contained about 29wt% Pu initially and were irradiated up to 124GWd/t in the experimental fast reactor JOYO. A melting temperature correlation was obtained by an experimental regression analysis using 21 measurements:
I. Introduction
The melting temperature of oxide fuel is needed to define the limiting power of a fuel element. The melting temperature will be affected by the actinide content and the presence of fission products. Soluble fission products, such as the lanthanides, tend to reduce the melting temperature and increase the difference between the solidus and liquidus temperatures. Gittus et al. (1) summarized the present state of their knowledge of oxide fuels and reported that the data on melting temperature of fast reactor mixed oxide (MOX) fuels to high burnups were relatively consistent; a decrease of 100K over 100GWd/t was considered to be realistic. IIowever there are few reports(2)-(4) on the measurement of irradiated fast reactor MOX fuels. The measurement data above 150GWd/t were reported only by Krankota and Craig(2) . Their Vfilament measurements on irradiated initially stoichiometric (Puo 2U0.8)O2 and (Puo.23U0.73)O2 specimens indicated solidus temperature decreases ranging from 50 to 100K at high burnups of 50 to 200GWd/t, however Adamson et al. (5) have concluded all V-filament measurements on irradiated fuels must be rejected because of the large uncertainties and the principal problem that pronounced composition changes can occur in the small and uncontained specimens.
Thermal arrest measurements on (Puo .18U0.82)O2 and (Puo 2 U0.8 )O2 irradiated up to 110GWd/t by Komatsu et al. (3) and on (Pu0,29U0,71)O2 and (Pu0.27U0 73)O2 irradiated up to 120GWd/t by Yamamoto et al. ( have reduced the uncertainties and yielded the burnup dependency. However, a basic problem in measuring the effect of irradiation remains that the resulting changes in melting temperature are small and comparable to the measurement error. In addition, they may be masked by other irradiation effects, in particular due to alternations in the Pu and Am concentrations and the oxygento-metal (O/M) ratio. It is also not clear in the publications relating to irradiated MOX fuel whether the quoted Pu concentrations refer to values before or after irradiation. We therefore determined the composition changes on the measurement specimens and obtained the dependence of the melting temperature on the compositions and the burnup changes using statistical methods.
In this paper we describe the results of the melting temperature measurements for (Pu0 .29U0.71)O2 fuels irradiated up to 124GWd/t. Also, an equation has been obtained by experimental regression analysis that correlates the effect of the variables on the melting temperature. (6) . Each melt specimen consisted of about 9g of granular fuel obtained from about 6 pellets and was canned in a tungsten capsule (14mm in outer diameter and 40mm in length) enveloped in a vacuum of less than 1x10-2Pa. Each capsule was heated at a rate of 20K/min by an induction furnace. The temperature of the specimens was measured by a two-color pyrometer sighted on a blackbody well at the bottom of the capsule. In this work, the diameter of the black-body well (2mm) was optimized so that the black-body approximation might be valid. The length-to-diameter ratio for the black-body well was 5.0. To calibrate the measured temperature, two standard materials, tantalum (3,263K) and molybdenum (2,903+-10K)(7), were encapsulated and run before and after every oxide fuel test.
Characterization of Specime
The specimens were obtained from MOX pellets irradiated up to a burnup of 124GWd/t in the experimental fast reactor JOYO. Irradiated high density pellets (92.5-93.4%T.D.) were obtained from driver fuel subassemblies PFD035, PFD254 and PFD153, while irradiated low density pellets (85.2-85.7%T.D.) were obtained from irradiation rigs PFCO30(C3M) and PFB080(B8HAM). Specimens of unirradiated pellets were taken from the same fabrication lot for rigs PFI010(INTA-1) and B8HAM; they were low density pellets (85.9-86.0%T.D.). The irradiated and unirradiated MOX fuel contained about 29% Pu and had an initial O/M ratio of 1.95 to 1.99.
The burnup was calculated with the ESPRIT-J computer code and validated by measuring the isotopic content of neodymium (8)- (11) .
The amount of actinides, such as U, Pu and Am, was determined by burnup analysis using the ORIGEN-2 code (12) . Changes from the initial composition of each specimen were calculated from the operation time of JOYO, the neutron flux adjusted to the total fluence an the cooling time up to the melting temperature measurement.
III. Results
Melting Temperature Equation Obtained from a Multivariable Regression Analysis
The measured melting temperature values, the measurement errors and the variables that affect the melting temperature are shown in Table 1 . The measurement error represented the combined effects of uncertainty in the melting temperature and instrumental drift measured by the two standard materials.
The method that considers various equations to find which one best fits a series of data is called a regression analysis. If it appears that the variables have additivity within the range of the acquired data set, a multivariable regression analysis can in general be applied.
The melting temperature (Tm: K) can be affected by many variables, such as the Pu and Am fractions, O/M ratio, fission product and impurity content, etc. We selected three principal variables: Pu fraction (X1: Pu/(Pu+U)) at temperature measurement, Am If the three variables (X1, X2, X3) have additivity and X3 can be included in the first and the second order terms, then the melting temperature (Tm) correlation can be expressed as follows:
(1)
Initially, we estimated the unknown constants m, A, B, C and D by using the least squares method. This gave:
This regression analysis correlation (2) showed that Pu fraction X1 had a positive constant, which cannot be physically explained based on the phase diagram of the plutonium and uranium oxide system.
Melting Temperature Equation Obtained from
an Experimental Regression Analysis If the correlation cannot be logically modeled, another method must be applied. We found that the best correlation was obtained by a method making use of orthogonal arrays called multivariable successive approximation or experimental regression analysis, reported by Taguchi (13) .
In estimating the unknowns A, B, C and D, we started with ranges in which the values A, B, C and D belong, D=0.0013+-0.0002.
The mean value m was obtained from by dividing the T value for row 2 in the orthogonal array by the number of measured values, 290.0/21=13. 
The value of 3,133.8 for the first term should be examined in comparison with melting temperatures of UO2 fuels. The melting temperature of unirradiated UO2 fuels has been reported as 3,138+-15K for an O/M ratio of 2.00(16) and 3,120+-30K by the IAEA (14) . These values were nearly the same as 3,133.8K:
The error variation of this equation was obtained from the S of row 2 in Table 2: Ve=1,708.56/(21-1)=85.42s
3. Determination of Applicability for the Two Melting Temperature Equations In consideration of the applicability of the two equations, we calculated the melting temperatures from an additional data set (6) . The differences between the measured values and the calculated values are show in Table 3 . The sum of squares of the differences was 8.09x102 and 6.07x102 for Eqs. (2) and (8), respectively. The additional data fitted better with experimental regression analysis equation (8) than with the least squares fit equation (2) . Equation (8) will have a probability to give a better prediction for additional data. This equation should also be robust enough to be used in extrapolations, due to its physical foundation mentioned later. It is, however, better to restrict the equation to roughly within the ranges of the measured values and the effective variables considered for the used data, which are Pu concentration (27 to 30wt%), Am concentration (less than 2wt%), and burnup (zero to 150GWd/t). (5) A thermodynamic study of (U0 .5Am0.5)O2+-x by Bartscher and Sari (17) has shown the solid solution behaves similarly to U-Pu oxides. Like Pu, Am has trivalent and tetravalent oxides and forms a solid solution with UO2. Bartscher and Sari(17) also reported that the non-stoichiometry of MOX is attributable to the variation of the U and Am valences; the introduction of interstitial oxygen causes an increase of the U valence, whereas the formation of oxygen vacancies requires a decrease of the Am valence . Prunier et al. (18) have reported the fabrication of homogeneous actinide fuel (Pu0.237U0.745Am0.0184)O1.957 and its irradiation behavior in the fast reactor Phenix . Since AmO2 is less stable than Am2O3 (19) , the solid solution between MOX and americium oxide was supposed to be constructed from ( (15) and 103.0kJ/mol for Am2O3. As a result, the solidus temperature was evaluated to decrease from that of the MOX fuel by 13K for 1.0wt% Am and by 26K for 2.0wt% Am, which comparable to values calculated from Eq.(8) of 9.8+-1.3K and 19.6+-2.6K, respectively. Small discrepancies between the values calculated for an ideal solution and the correlation of Eq.(8) may suggest small departures from the ideal in the stoichiometric MOX system; in the trivalent oxide-former system the slopes of the solidus and liquidus near to UO2 were less than the corresponding ideal slopes and corresponded to significantly negative deviations from the ideal(5).
Effects of O/M Ratio on Melting Temperature under Irradiation
Mazke et al. (22) observed that the final O/M ratio of MOX fuels irradiated up to 7.0% FIMA in the fast reactor Phenix was about 1.985, while the initial values were between 1.96 and 2.00. We have also measured the O /M ratios after irradiation with an X-ray diffractometer and found that they increased to a range of 1.98 to 2.00, compared with the as-fabricated O/M values ranging from 1.95 to 1.99(23). Sari and Schumacher (24) calculated the increase in the overall O/M ratio as a function of burnup for MOX fuel with an initial O/M ratio between 1.97 and 1 .98. They described the ratio increasing with burnup continuously up to 2 .00 until about 5% FIMA (48GWd/t) by oxidation of the hypostoichiometric MOX, but it did not exceed 2 .00. It is also widely known that the melting temperature increases with O/M ratio increasing up to 2 .0 in unirradiated UO2 (16) and (U0.8Pu0.8)O2 (25 ) .
Komatsu et al . (2) found that there was virtually no change in the melting temperature with irradiation , at burnups up to 50GWd/t . The results suggested that there was an equilibrium between the temperatureincreasing effect of increasing the O/M ratio and the temperature-decreasing effect of producing soluble FPs. The present experimental results did not clearly show this constant melting temperatures up to 50GWd/t demonstrated by Komatu et al. (2) . However, between 21.0 and 48.8GWd/t Eq. (8) consistently overestimated the temperatures, see Tm-Tm column in Table 1 . These data suggest that the irradiated fuels under 50GWd/t did not reach the O/M ratio of 2.00 and had relatively lower melting temperature than the correlation curve.
The expected temperatures from Eq. (8) of the unirradiated specimens were not overestimated. Since these were low-density sintered pellets (85.9-86.0%T.D.), which had many open pores and were examined after long term storage in air, the O/M ratios at melting temperature measurement were expected to be increased up to nearly 2.00 by oxidation at room temperature (26) .
Thus, the effect of O/M ratio on the melting temperature was negligible, except for unirradiated and low burnup (<50GWd/t) MOX fuel.
Effects of the Pu Concentration
Changes on Melting Temperature Variation with Irradiation We note that the melting temperature changes caused by the irradiation effects may be masked by the changing fraction of Pu. The second and third terms of Eq. (8) do not explicitly show the effect of irradiation as a function of binnup. However, the variable X1 decreases with increasing burnup and/or irradiation time and the variable X2 also changes with irradiation time. The effect of irradiation on the true melting temperature becomes smaller as irradiation increases, represented by the second term of Eq. (8) . For example, if MOX fuel with an initial Pu fraction X1 of 0.2970 is irradiated up to 100GWd/t, the fraction will decrease to 0.2770. As a result, the second term increases in value by 9.2K. Therefore, the true melting temperature decrease with irradiation is 43.8K at 100GWd/t, adding -53.0K to the 9.2K. The curved solid line in Fig. 1 shows the calculated result of including a Pu fraction decrease by 0.020per 100GWd/t.
For fuel with an initial 29wt% Pu, the experimental work by Yamamoto et al. (1) showed melting temperature to decrease by about 5K per 10GWd/t as shown in Table 4 . That result excluded the effect of changing Pu fraction. The decrease for the present work, which is based on the soluble FP effects, was somewhat larger.
V. Conclusion
The melting temperatures of irradiated mixed oxide fuels were measured and the compositions of the fuel on the temperature measurement dates were calculated . The fuels contained about 29wt% Pu initially and were irradiated in the experimental reactor JOYO. The equation obtained from the experimental regression analysis was, where Tm is the expected melting temperature (K), X1 the Pu fraction (Pu/(Pu+U)) and X2 the Am fraction (Am/(Pu+U+Am) at the time of melting temperature measurement, and X3 the burnup (GWd/t). The equation shows that the melting temperature decreases by 5, 4, and 3K per 10GWd/t at 50, 100 and 150GWd/t, respectively. The temperature decrease tended to saturate with increasing burnup.
The melting temperature decrease caused by the dissolution of fission products was estimated for an ideal solution. However, the estimated values were too small to explain the experimental results.
Whereas the effect of actinide elements can be well explained on the basis of the ideal solution model. The coefficient of Pu fraction (-460) agreed with the slope of the solidus curve in the unirradiated UO2-PuO2 system at a 0.3Pu fraction. From the assumption of a pseudo MOX-Am2O3 binary system, the solidus temperature was evaluated to decrease by 26K for 2.0wt% Am, which was comparable to the value (19.6+-2.6K) obtained from the third term (-980X2) in the equation.
[APPENDIX]
To each of the 18 equations of the experimental regression analysis a fixed reference mean value (m=3,120.0) was added, to avoid getting large differences between the measured and calculated values. For example, in the calculation for row 1 we obtained 21 values of the equation Tm =3, 120.-OX1-321X2-OX3-0.002(X3)2 derived from the data in Table 1 . Then we determined th sum T of the differences between the measured values and the calculated values and the sum of squares S of the differences between the calculated mean value and observed values. The sums T and S are given in the middle columns of Table 2 .
If an equation fits the data well, S should be small. To determine which among the values A1=0, A2=-419, and A3=-838 was the best for the unknown A, we simply compared them by finding the sum of S values for those rows using A1, A2, or A3. These data are shown in Table A1 . If the sum of S in the third level is very small, we re-classify the levels closer to A3, where the error variation is the least. Thus, repeating the above for B, C and D, the three new levels became A1=-419 A2=-629 A3=-838 B1=-642 B2=-963 B3=-1,284 C1=0 C2-0.5 C3=-1.0 D1=0 D2=0.001 D30.002.
The calculation was repeated. The second time around, the error variation S was smaller, but the difference between the levels was still significant. We continued this method until there was no longer any significant difference among the three levels for any of the factors. 
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